Abstract: Mediators of antihypertensive actions of docosahexaenoic acid (DHA) are largely unknown. The omega-3 epoxide of DHA, 19, 20-EDP (epoxy docosapentaenoic acid), is metabolized by soluble epoxide hydrolase (sEH), which also metabolizes the antiinflammatory and antihypertensive arachidonic acid epoxides, epoxyeicosatrienoic acids (EETs). Based in part on plasma levels of EDPs after a DHA-rich diet, we hypothesized that 19, 20-EDP contributes to the antihypertensive actions of DHA in angiotensin-II (Ang-II)-dependent hypertension. Treatment individually with 19, 20-EDP and a potent sEH inhibitor TPPU (1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea) significantly lowered blood pressure (BP) as compared with Ang-II-infused animals.
INTRODUCTION
The long-chain omega-3 polyunsaturated fatty acids (v-3 PUFAs) have blood pressure (BP) lowering effects. [1] [2] [3] These fatty acids have key structural roles and may alter BP by increasing membrane fluidity and altering lipid rafts or other structural attributes, which can potentially increase the permeability of the membranes and leakage of cellular components. 4, 5 The v-3 PUFAs are also substrates for betaoxidation and enter metabolic energy pathways. 5, 6 Of the 2 major v-3 PUFAs, docosahexaenoic acid (DHA, 22:6n3) is more efficacious than eicosapentaenoic acid (EPA, 20:5n3) in lowering BP. 2, [7] [8] [9] [10] [11] [12] [13] However, the mechanisms by which v-3 PUFAs, such as DHA, exert their antihypertensive effects are still unclear. 12, 14, 15 A widely accepted mechanism by which omega-3 lipids reduce inflammation and BP is by competing with arachidonic acid (ARA, 20:4n6) for the cyclooxygenase enzymes. DHA is reported to have a lower K m and lower k cat than ARA, resulting in competition with ARA at the cyclooxygenase catalytic site and thus in lowering concentrations of inflammatory and hypertensive cyclooxygenase products and presumably products that are less active than the prostaglandins and thromboxanes from ARA. 16, 17 DHA also competes with ARA for oxidation by the cytochrome P450, where CYP2C and 2J are stereoselective for epoxidation of the last double bond of these fatty acids generating epoxy fatty acids (EpFAs). [18] [19] [20] BP reduction by the epoxides of ARA known as epoxy eicosatrienoic acids (EETs) is well established. DHA competes for ARA to generate epoxides known as epoxy docosapentaenoic acids (EDPs). 18, 21 As with the EETs, the EDPs are hydrolyzed by the soluble epoxide hydrolase (sEH) to the corresponding diols, which are far more polar and rapidly conjugated than the epoxides. All EpFAs tested are turned over rapidly by the sEH. In general, the omega-3-derived EDPs are turned over more rapidly than the corresponding omega-6-derived EETs with the exception of the relatively stable 19, 20-EDP. 22 Thus, an additional mechanism by which dietary omega-3 lipids could reduce BP is by the biosynthesis of EDPs, which may be intrinsically more active than EETs, produced at higher levels or more stable to degradation. In preconstricted coronary arteries, both DHA and the EDPs are potent activators of BK Ca channels and also are more potent vasodilators than EETs. [23] [24] [25] [26] [27] However, it is unclear whether EDPs indeed mediate the antihypertensive effects of DHA in vivo.
We recently demonstrated that a diet rich in v-3 PUFAs (EPA and DHA) lowers systolic BP (SBP) in angiotensin-II (Ang-II)-dependent hypertension when compared with animals on a diet rich in v-6 PUFAs. This reduction in BP is enhanced by treatment with a sEH inhibitor (sEHI). Among the regioisomers of DHA epoxides that we quantified, increased tissue levels of 19, 20-EDP correlated well with the reduction in BP. When compared with other regioisomers, 19, 20-EDP is a preferred metabolite for synthesis by P450s due to the epoxide position at the terminal (v-olefin) as in 14, 15-EET, which are both substrates of sEH. As introduced above, all of the EDP and EET regioisomers are rapidly metabolized by the sEH, and the EDPs are more rapidly metabolized than the similar EET regioisomers. However, 19, 20-EDP is an exception in being more slowly metabolized than most other fatty acid epoxides tested (see Table S1 , Supplementary Digital Content 1, http://links.lww.com/ JCVP/A146). 21, 22 Because the inhibition of sEH stabilizes EETs, and because most EDPs are better substrates of sEH than EETs, inhibition of sEH should also stabilize and thereby prolong the effects of EDPs. In addition, EETs have been previously shown to lower BP in Ang-II-dependent hypertension. Thus, we hypothesize that the reduction in Ang-IIdriven BP by v-3 PUFAs is due in part to the generation of epoxides of the omega-3 fatty acid DHA. Because our recent data suggest that EDPs mediate the antihypertensive effects of DHA and that 19, 20-EDP is the predominant regioisomer that increases with sEH inhibition, here, we hypothesized that 19, 20-EDP exhibits antihypertensive and anti-inflammatory properties in Ang-II-dependent hypertension. We further tested the hypothesis that cotreatment with 19, 20-EDP and a sEHI would have a larger effect as compared with either treatment alone. Considering the similarities in the vasodilator effects of 19, 20-EDP and 14, 15-EET, we also compared the antihypertensive effects of 19, 20-EDP and 14, 15-EET.
METHODS

Animals, Diet, and Treatments
Experiments including animals were approved by the University of California, Davis, Animal Use and Care Committee and were conducted in compliance with the National Institutes of Health Guide for the care and use of laboratory animals. Animals (male Swiss Webster mice, 8 weeks old, Charles River Laboratories, Wilmington, MA) were acclimated to their new housing environment for a week and were maintained under a 12-hour light-dark cycle with free access to water and food. Considering the effect of diet on BP, 28 animals were put on a diet that has low omega-3 fatty acids (Harlan Teklad standard diet). Briefly, the diet is composed of 2.7% omega-3 PUFAs (a-linolenic acid, C18:3n3) and 31% omega-6 PUFAs [linoleic acid (LA), C18:2n6]. The detailed fatty acid composition of the diets can be found in the supporting information by Ulu et al. 28 After this acclimation period, baseline BP was recorded for each animal. Then, a potent sEHI, 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (UC 1770 or TPPU), 29 was administered in the drinking water at a dose of 0.02, 0.06, and 0.2 mg/kg, which was dissolved in polyethylene glycol 400 (PEG400) and added to drinking water to give a 1% vol/vol final solution of PEG (see Supplementary Digital Content 1, http://links.lww.com/JCVP/A146, detailing the preparation of the inhibitor in drinking water). The dose of sEHI in subsequent analyses was selected based on the dose-dependent effects of TPPU in Ang-II-dependent hypertension (see Figure S1 -S4, Supplementary Digital Content 1, http://links.lww.com/ JCVP/A146). Dosing with TPPU started 5 days before the induction of hypertension, which was induced by infusion of Ang-II at a constant rate (20 ng/min or 1 mg$kg 21 $d 21 ) for 14 days using subcutaneously implanted osmotic mini pumps (Model 1002-Alzet; DURECT Corp., Cupertino, CA). The DHA and ARA epoxides, 19, 20-EDP, and 14, 15-EET were formulated in 25% dimethylsulfoxide (DMSO) in PEG400 and infused together with Ang-II in designated groups. Implantation of osmotic minipumps delivering this solvent did not influence the BP in Ang-II-treated animals (see Figure S5 , Supplementary Digital Content 1, http://links.lww.com/JCVP/A146).
Animals were randomly divided into designated groups: All animals received Ang-II, which was indicated by "Ang-II" in groups. One group served as Ang-II-infused control. The other groups receiving Ang-II were randomly assigned to receive 19, 20-EDP, TPPU at 0.02, 0.06, and 0.2 mg/kg doses, combination of 19, 20-EDP + TPPU (0.02, 0.06, and 0.2 mg/kg), or combination of 14, 15-EET and TPPU (0.2 mg/kg).
Measurement of BP
SBP was measured from conscious animals using a noninvasive tail-cuff BP system (Kent Scientific Corporation, Torrington, CT), as previously described. 28, 30, 31 Because implanting both minipumps and telemetry transmitters into small mice leads to stress and inflammation, which could bias the resulting data, direct measurement of BP, such as radiotelemetry method, was not preferred in our study.
After the animals were acclimated to the tail cuff and restraining procedure for 7 consecutive days, a total of 20 cycles were performed for each animal every other day always between 12:00 and 17:00 by the same qualified operator (A. U.). The values that are associated with excess noise or animal movement were discarded, and the average of the remaining readings were used to establish SBP as described. 30 Tail-cuff measurements using a volume pressure recording system were validated in mice in 2008 by Feng et al, 32 which showed that the tail-cuff volume pressure recording method underestimates SBP by 0.25 mm Hg, whereas it underestimates diastolic BP by 12.2 mm Hg when compared with direct telemetry measurements. Therefore, only the SBP values were reported in our study. In addition, we did not include heart rate data due to the high number of missing values per animal per group, which limits the statistical analysis and interpretation of those data.
Quantification of Oxylipins and TPPU in the Kidney
The levels of oxylipins and TPPU were determined in the kidney and plasma using a liquid chromatography electrospray ionization tandem mass spectrometry, as described. 28, 33, 34 Briefly, a 100 mg tissue was homogenized in the presence of an antioxidant solution (0.2 mg/mL butyl hydroxytoluene and EDTA) and an appropriate internal standard (1-(1-acetypiperidin-4-yl)-3-adamantanylurea). Then, tissue homogenates were extracted using solid phase extraction (SPE) cartridges (Waters Oasis HLB C18 cartridge; Waters Corp., Milford, MA) and reconstituted in an additional standard solution (1-adamantan-1-yl-3-decyl-urea). Extracted samples were quantified for oxylipins using liquid chromatography electrospray ionization tandem mass spectrometry analysis (4000 QTRAP tandem mass spectrometer; Applied Biosystems, Foster City, CA).
Renal Messenger RNA Expression of the Angiotensin-Converting Enzyme-2 and Ang-II Receptor 1a
Total RNA was extracted from the renal cortex and messenger RNA (mRNA) expression of the angiotensinconverting enzyme-2 (ACE-2) and Ang-II receptor 1a (AT1A) was determined in a 2-step process using TaqMan gene expression assays (Applied Biosystems), as described before. 28 The following TaqMan gene expression assays were employed: Ace-2, Mm01159003_m1, Agtr1a, Mm01957722_s1, and a housekeeping gene beta-actin, Actb, Mm00607939_s1.
Statistical Analyses
All data are presented as mean 6 standard error of the mean. Because multiple measurements were taken from the same mouse, a mixed effects model with "subject" as a random effect was used to analyze the effects of Ang-II, 19, 20-EDP, and TPPU on BP. 35 We analyzed the SBP data using a mixed effects model, which included "group" as the between-subjects factor and "time" as repeated measures and pairwise comparisons. An additional statistical analysis using a model comparison approach to analyze the BP data is also provided in the Supplemental Digital Content 1 (http://links.lww.com/JCVP/A146). Both the mixed effects model and model comparison analysis supported the conclusions presented here. The differences in oxylipins among all the groups were analyzed for the effects of treatment (EpFAs, TPPU, or the combination) on dependent measures. To determine whether differences among treatments were significant, 1-way analysis of variance was performed, followed by Fisher's protected least significant difference pairwise comparisons when P , 0.05. 36 Figure S1 -S4, Supplementary Digital Content 1, http:// links.lww.com/JCVP/A146). The mixed effects model analysis showed clear main effects of group (F = 3.95; P = 0.004) and time (F = 5.87; P , 0.001). In the overall mixed effects analysis (including data from all days), the SBP (percent change from baseline) in Ang-II-infused animals that are treated with TPPU alone at 0.02 mg/kg did not differ from their Ang-II counterparts (P . 0.05; Fig. 1A) ; however, those treated with TPPU alone at 0.06 mg/kg (Fig. 1B) Figure S4 , Supplementary Digital Content 1, http://links.lww.com/JCVP/A146). Consistent with our previous results, 28 Figure 1 shows that BP reached a plateau at day 6 after infusion with Ang-II. Supporting this observation, our mixed effects model indicates a major time-dependent effect. Therefore, we further focused our analyses on the SBP data obtained from day 6 to day 12. As expected, this analysis showed no significant main effects of time during days 6-12 (F = 1.03; P = 0.385). Similar to the overall mixed effects model (including SBP data from all days), between day 6 and day 12, we obtained a significant main effect of the group (F = 4.9; P = 0.03). Further pairwise comparisons revealed statistically significant differences in SBP between Ang-II-infused animals and those treated with the combination of 19, 20-EDP and TPPU at all doses (P = 0.02 for 0.02 mg/kg and P , 0.01 for 0.06 mg/kg and 0.2 mg/kg). We also observed a significant difference between the Ang-II-infused animals and of those treated with 19, 20-EDP alone (P = 0.02), TPPU alone at 0.06 mg/kg (P = 0.1) and 0. On the last day of BP measurements (day 12), we compared the SBP of the Ang-II-infused animals with those treated with the combination of 19, 20-EDP and TPPU at different doses. Animals treated with 19, 20-EDP and TPPU at either 0.06 or 0.2 mg/kg, but not at 0.02 mg/kg, exhibited lower BP as compared with Ang-II-infused controls on day 12 (P = 0.04). Also, pairwise group comparisons revealed a statistically significant difference in SBP between the 19, 20-EDP + TPPU combination treatments at 0.06 mg/kg and 0.2 mg/kg doses (P = 0.04), and it approximated a significance in SBP between the combination treatments at 0.02 and 0.2 mg/kg doses (P = 0.06). This is likely due to the low number of animals (n = 4-6) in the latter group on day 12. These results are consistent with the dose-response plot (Fig. 2) . Therefore, subsequent experiments that we performed included the 0.2 mg/kg dose of TPPU.
RESULTS
To test if
Next, we compared the antihypertensive effects of 19, 20-EDP with that of an ARA epoxide, 14, 15-EET in Ang-IIdependent hypertension. We examined the effects of Ang-II, 19, 20-EDP, 14, 15-EET, and TPPU treatments on BP using a mixed effects model, which included group as the betweensubjects factor and time as repeated measures. As in previous analyses, the mixed effects model demonstrated significant main effects of both group (F = 7.29; P , 0.01) and time (F = 3.48; P , 0.01). Pairwise group comparisons revealed that Ang-II infusion increased BP significantly compared with all 4 treatment groups (P , 0.05) ( the sEH (see Table S1 , Supplementary Digital Content 1, http://links.lww.com/JCVP/A146). 22 To improve the generality and the interpretability of our results, we performed an additional statistical analysis of the SBP data using a model comparison framework 41 Table S2 A, Supplementary Digital Content 1, http://links.lww.com/JCVP/A146). We observed only a minor effect of time after day 6 (see Table  S2B , Supplementary Digital Content 1, http://links.lww. com/JCVP/A146). Therefore, subsequent analysis of these data focused on these last 4 days unless indicated otherwise. Briefly, we built a set of models including a model for each hypothesis and a null (intercept) model. Of these models, the top 2 were very similar and received the majority of the AIC c weight (see Table S2B , Supplementary Digital Content 1, http://links. lww.com/JCVP/A146). The top-ranked model included Ang-II with a parameter estimate of 9 (95% CI, 21.3 to 19.2), indicating that Ang-II raised BP reliably in the experiment. The second-ranked model included Ang-II, 19, 20-EDP, and TPPU with a parameter estimate of 27.2 (95% CI, 217.5 to 3) (see Table S 2B, Supplementary Digital Content 1, http://links.lww.com/JCVP/A146), suggesting that this treatment fairly consistently lowers BP. These results are also depicted in Figure 3B , showing a significant difference in SBP between Ang-II-infused animals and those treated with the combination of 19, 20-EDP, and TPPU combination on days 6-12. We further made group comparisons (see Tables S3-S6 Table S4 , Supplementary Digital Content 1, http://links.lww.com/JCVP/A146). No differences were observed in SBP between the TPPU alone and the combination of TPPU and 19, 20-EDP treatments (see Table S5 , Supplementary Digital Content 1, http://links.lww.com/ JCVP/A146). Of note, this difference missed statistical significance when considering the overall marginal means (6-day average SBP) (P = 0.06). We also observed possibly predictive differences in SBP between treatment with the combination of 19, 20-EDP + TPPU and treatment with 14, 15-EET + TPPU (see Table S6 A, Supplementary Digital Content 1, http:// links.lww.com/JCVP/A146; Fig. 3B) .
In comparing the SBP data for Ang-II and for the apparently most efficacious treatment of the combination of 19, 20-EDP and TPPU, the quadratic drivers are equally important in the model of both the treatment data and the Ang-II data (see Table S2 A, Supplementary Digital Content 1, http://links.lww.com/JCVP/A146), suggesting that the treatment becomes more effective with time. Thus, we also compared the SBP among all the groups on day 12, which revealed a significant main effect of group (F = 3.39; P = 0.02). Further analysis using pairwise group comparisons revealed that treatment with the combination of 19, 20-EDP and TPPU results in lower BP as compared with Ang-II alone (P , 0.01) and to treatment with 19, 20-EDP alone (P = 0.03). We further examined the differences in the last-day SBP values between the groups using model comparison, which supported the results of the mixed effects model (see Table S6B , Supplementary Digital Content 1, http://links. lww.com/JCVP/A146). In addition, this analysis revealed a strong predictive effect when comparing SBP in Ang-IIinfused animals receiving the combination of 19, 20-EDP and TPPU treatment and of those receiving the combination of 14, 15-EET and TPPU treatments (see Table S6B (Fig. 4, panel D) .
Comparing the tissue levels of the 2 EpFAs, we observed that the tissue levels of 19, 20-EDP were 6 times higher than the those of 14, 15-EET in animals receiving these EpFAs. Plasma concentration of both EpFAs was comparable.
To further examine the modulation of the P450 pathway of the ARA cascade, we quantified other P450 metabolites of DHA, EPA, ARA, and LA (Figs. 5 and 6 ). Similar to the changes in the plasma concentration of each EpFA, the summed plasma EDPs and EETs showed a similar pattern of change across all the groups (Fig. 5, panels A and B) , suggesting that infusion with the 19, 20-EDP and 14, 15-EET did not alter the levels of other regioisomeric forms (see Table S7 (Fig. 5, panel C) . We observed slight changes in other regioisomeric forms of DiHDPEs in the plasma and kidney (see Tables S7 and S8 , Supplementary Digital Content 1, http://links.lww.com/JCVP/A146). The sEH metabolites of ARA, the DHETs, tend to decrease in the plasma but not in In the Western diet, levels of LA are very high as are their epoxide and diol metabolites, which are excellent markers of LA oxidative metabolism. 43 The LA epoxides, 9, 10-and 12, 13-EpOMEs (epoxy octadecenoic acid), increased significantly in the plasma and kidney upon treatment with the combination of 19, 20-EDP and TPPU, combination of 14, 15-EET and TPPU, or TPPU alone (Fig. 6, panel A) , as compared with treatment with 19, 20-EDP alone or Ang-II infusion (P , 0.05) (see Tables S7 and S8 Only slight changes were found in the tissue or plasma levels of other P450 and sEH products of ARA and EPA across all the groups (see Tables S7 and S8 
In vivo Target Engagement of sEH Inhibition
To test the hypothesis that the inhibition of sEH protects the EpFAs from hydrolysis while maintaining their potency, animals were provided TPPU in their drinking water along with subcutaneous infusion of 19, 20-EDP or 14, 15-EET. One group received TPPU alone (Ang-II + TPPU animals) to control for the previously reported antihypertensive effects associated with sEHIs. 37, 38, 44 To provide evidence for sEH inhibition, we determined the TPPU concentration in blood samples that were collected at the end of each week after Ang-II infusion. Even though we observed a mild accumulation of TPPU, the difference in TPPU levels on day 7 versus day 14 did not reach statistical significance ( Table 1 ), indicating that the TPPU levels were near steady state and sufficient to largely inhibit the sEH. The renal levels of TPPU were comparable among the groups (Table 1) . Overall, both blood and renal levels of TPPU was at least 300-fold above the Ki of TPPU (2.5 nM or 2.5e10 24 mg/g tissue ). 45 To provide further evidence for the inhibition of sEH, we examined epoxide-to-diol ratio in the plasma and the kidney. The 19, 20-EDP-to-19, 20-DiHDPE ratio increased approximately 3.4-to 4-fold in the kidney and the 14, 15-EET-to-14, 15-DHET ratio increased approximately 2-to 3.5-fold in the plasma with the combination of 19, 20-EDP and TPPU, TPPU alone, and combination of 14, 15-EET and TPPU as compared with Ang-II infusion or treatment with 19, 20-EDP alone. Although the epoxide-to-diol ratio of the ARA, EPA, and DHA was comparable among the groups, we observed that EpOME-to-DiHOME ratio was 2-fold higher in the presence of the combination of 19, 20-EDP and TPPU as compared with the combination of 14, 15-EET and TPPU.
We also examined correlations between last-day SBP values and 19, 20-EDP, 14, 15-EET, and summed plasma or tissue levels of the EpFAs. We observed a significant correlation between the last-day BP and tissue levels of 19, 20-EDP (R = 20.44; P , 0.01) and summed tissue levels of EDPs (R = 20.38; P = 0.02). Also, we observed a strong correlation between the tissue levels of TPPU and an increase in tissue levels of 19, 20-EDP (R = 0.65; P , 0.01), which is 
Effects of 19, 20-EDP and 14, 15-EET on the COX Pathway
To examine the anti-inflammatory effects of the administered EpFAs, we quantified the major prostaglandins that are produced from ARA in the COX pathway in the kidney. The plasma concentrations of prostaglandin-E 2 (PGE 2 ) and prostaglandin-D 2 (PGD 2 ) did not differ across all the groups (P . 0.05) (Fig. 7, panels A and B) . However, the tissue levels of PGE 2 significantly decreased by half upon treatment with 19, 20-EDP, combination of 19, 20-EDP and TPPU, and the combination of 14, 15-EET and TPPU as compared with Ang-II infusion alone (P , 0.05) (Fig. 7 , panel C). Another major prostaglandin, PGD 2 , decreased only with the combination of 14, 15-EET and TPPU or TPPU alone as compared with Ang-II infusion and treatment with 19, 20-EDP alone (P , 0.05) (Fig. 7, panel D) . No changes were observed in other prostaglandins either in the plasma or in the kidney (see Tables S9 and S10 
LOX Pathway
To examine whether the lipoxygenase (LOX) metabolites in the ARA cascade are altered in response to given treatments, we determined both the tissue levels and plasma concentration of hydroxyeicosatetraenoic acids (HETEs). Among the HETEs, tissue levels of 15-HETE and 15(S)-HETrE increased upon treatment with the combination of 19, 20-EDP and TPPU, the combination of 14, 15-EET and TPPU, or TPPU alone as compared with 19, 20-EDP treatment alone (see Table S10 , Supplementary Digital Content 1, http://links.lww.com/JCVP/A146); however, plasma concentration of none of these metabolites were affected by any of the treatments (see Table S9 , Supplementary Digital Content 1, http://links.lww.com/JCVP/A146).
We have also provided a comparison of the renal oxylipin levels of the sham-operated controls to that of Ang-II-infused animals in Supplementary Digital Content 1 (see Table S11 , http://links.lww.com/JCVP/A146). In general, although the tissue levels of the P450 metabolites of the FIGURE 6 . Changes in the summed LA P450 and sEH metabolites in the plasma and kidney upon subcutaneous infusion of EpFAs in Ang-II-dependent hypertension. Summed EpOMEs include 9, 10-EpOME and 12, 13-EpOME, and summed DiHOMEs include 9, 10-DiHOME and 12, 13-DiHOME. A, Summed plasma concentrations of EpOMEs. B, Summed plasma concentrations of DiHOMEs. C, Summed renal levels of EpOMEs. D, Summed renal levels of DiHOMEs. Statistically significant differences were analyzed by 1-way analysis of variance followed by pairwise comparisons. Table S12 , http://links.lww.com/JCVP/A146) for TPPU concentrations in the drinking water.
ARA, LA, EPA, and DHA decreased with Ang-II treatment, prostaglandins tended to increase with the Ang-II infusion.
Effects of 19, 20-EDP and 14, 15-EET Infusion on the Renal Expression of ACE-2 and AT1a Message
We have previously shown that supplementation of a diet rich in omega-3 fatty acids (EPA and DHA) in hypertensive mice upregulated the ACE-2 (the message for angiotensin-converting enzyme-2). This enzyme degrades Ang-II and counteracts the vasoconstrictor action of Ang-II in the renin-angiotensinaldosterone system (RAAS). Therefore, we examined whether the DHA epoxide 19, 20-EDP would also affect the gene expression of the ACE-2 in the kidney. As shown in Figure 8A , we evaluated various combinations of Ang-II, 19, 20-EDP, the sEHI TPPU, and 14, 15-EET on levels of the AT1a message. Pairwise group comparisons using 1-way analysis of variance revealed a significant main effect of group for AT1a (F = 10.36; P , 0.01) (Fig. 8A) . We also found that treatment with the combination of TPPU and 19, 20-EDP downregulated the mRNA expression of the AT1a more than the 19, 20-EDP treatment alone (P = 0.04). In addition, the expression pattern of the AT1a message across all the groups correlated well with the last-day SBP (as percent change from baseline) with a Pearson's correlation coefficient of 0.49 (P = 0.01, 2-tailed t test).
The same analysis was run with the Ace-2 message (Fig. 8B) , where surprisingly all 3 treatments had about the same effect on the reduction of the message level (significant main effect of group, F = 7.38; P , 0.01). The levels of circulating Ang-II should be addressed in future studies because the plasma samples required for those measurements were inadequate in our study.
DISCUSSION
Our primary goal was to test if 19, 20-EDP is a mediator of the antihypertensive actions of DHA in Ang-II-dependent hypertension. The main finding of our study is that 19, 20-EDP exhibits antihypertensive properties alone and shows a larger effect in the presence of a sEHI presumably due to stabilization of this epoxide from degradation by sEH. These data support the activity of EDP and EET being due to the epoxides and not their diol metabolites. In addition, our data suggest that 19, 20-EDP is more efficacious than 14, 15-EET in lowering Ang-II-induced increase in SBP either alone or when combined with TPPU. Because 14, 15-EET is a much better substrate for sEH than is 19, 20-EDP, this comparison was made in the presence of a potent sEHI. We found that the sEHI improves the effect of 19, 20-EDP more than 14, 15-EET. Based on the renal eicosanoid profiling, our results also suggest that 19, 20-EDP like 14, 15-EET modulates the COX pathway by reducing major proinflammatory prostaglandins in the kidney.
Studies on the mechanisms of the antihypertensive effects of the long-chain v-3 PUFAs are limited. We show that 19, 20-EDP alone lowers SBP in Ang-II-infused mice (Figs. 1-3) , which supports our hypothesis that 19, 20-EDP is an in vivo mediator of the antihypertensive effects of DHA in Ang-II-dependent hypertension. This finding is also in line with previous studies conducted on isolated aortic rings and BK channel studies, indicating that EDPs contribute to the antihypertensive effects of v-3 PUFAs. 23, 24, 46, 47 We also show that infusion with 19, 20-EDP results in a lower SBP as compared with 14, 15-EET, which agrees well with previous findings that EDPs are more potent vasodilators and activators of the BK channels than EETs in coronary microvessels. 24 Of note, our results indicate that 14, 15-EET infusion is effective at lowering BP when administered with a potent sEHI. This approach provides a mechanism to circumvent the previously experienced difficulties in the delivery and study of EETs. 26, [48] [49] [50] A recent study has shown that CYP1A1 2/2 mice, which are hypertensive, exhibit normal vasorelaxation in response to DHA and EPA epoxide metabolites 19, 20-EDP and 17, 18-EpETE, respectively, but reduced vasorelaxation in response to EPA and DHA.
14 Consistent with our findings, Agbor et al 14 concluded that CYP1A1 and CYP/2J are involved in the metabolism of v-3 PUFAs and that 19, 20-EDP and 17, 18-EpETE might be mediators of the DHA and EPA action. However, potential stabilization of these epoxides in the presence of a sEHI was not explored in the studies by Agbor et al.
14 Among other DHA epoxides, 16, 17-EDP and 13, 14-EDP are also promising candidates for lowering BP, particularly in the presence of a sEHI. This is because the inhibition of sEH would likely affect the plasma and tissue levels of these epoxides more than 19, 20-EDP due to the higher k cat , k cat /K m , and preference index of these EpFAs (see Table S1 , Supplementary Digital Content 1, http://links. lww.com/JCVP/A146). For example, EDPs reduce inflammatory pain in accordance with their kinetic parameters for sEH. 22 Also, we have recently shown that EDPs can be stabilized by the inhibition of sEH in vivo and in vitro. 51 One of the difficulties in testing the hypothesis that 19, 20-EDPs lower BP as the epoxide and not the diol metabolite is that 19, 20-EDP alone and the sEHI alone reduce Ang-II-driven BP. The latter has been shown by multiple studies. [37] [38] [39] [40] 52 Because there is a narrow range between normal BP and the BP that leads to mortality and confounding effects, several studies were run to optimize the dose of the sEHI. We previously published that TPPU at the doses of 0.2 and 0.6 mg/kg lower BP to near baseline levels, and small additional BP reduction is obtained with still higher doses. 28 Thus, we determined steady-state blood levels of TPPU after administration of 0.02, 0.06, and 0.2 mg/kg in the drinking water (see Figure S2 , Supplementary Digital Content 1, http://links.lww.com/ JCVP/A146). We then examined the dose-response relationship of these levels of TPPU alone and in combination with 19, 20-EDP in reducing BP in Supplementary Digital Content 1 (see Figures S1 and S4 , http://links.lww.com/JCVP/A146). The overall dose response of TPPU in combination with 19, 20-EDP (Fig. 2) shows a clear dose response of TPPU in reducing BP in the absence and presence of 1 mg/kg of 19, 20-EDP. The response of TPPU alone appears dose linear from 0.02 to 0.2 mg/kg, but only 0.2 mg/kg of TPPU seemed to interact (additive effect) with 19, 20-EDP to lower BP. Because the sEH is such an efficient enzyme, 22 a high-percentage inhibition and a high level of enzyme occupancy by the sEHI are anticipated to be necessary for efficacy in significantly reducing EpFA hydrolysis. 45 Based on these data, we selected a dose of 0.2 mg/kg for oral administration of TPPU to use with the infused EETs and EDPs in this study (Fig. 2) .
We showed that the combination of 19, 20-EDP and the sEHI TPPU (0.2 mg/kg) results in a lower BP when compared with Ang-II-infused animals that are treated with 19, 20-EDP or TPPU alone. Although the P values that are associated with these differences were close to the threshold, mainly due to the efficacy of TPPU in lowering BP, 28, 34, 37, 38, 44 further analyses of the BP data supported these observations. The area under the BP-time curve analysis of the SBP data supported that the combination treatment is effective on both days 2-12 and days 6-12 (see Figure S6 (Fig. 3A) . This analysis also revealed a predictive difference in SBP between 14, 15-EET and 19, 20-EDP treatments, suggesting that 19, 20-EDP is more effective than 14, 15-EET in combination with TPPU. Furthermore, these results suggest that 19, 20-EDP should be infused with a potent sEHI to be most effective in lowering BP.
Our major goal in this study was to test the hypothesis that the reduction in hypertension observed with an omega-3-based diet is at least in part on the increased EDP metabolites. However, there are therapeutic implications of this work. For example, angiotensin-converting enzyme inhibitors and Ang-II receptor blockers, such as losartan, are major therapeutics for hypertension. Also, there is an increased prevalence of omega-3 lipids as value-added products, and sEHIs are being considered as possible therapeutics. Thus, we provide a brief comparison of losartan and sEHIs. The effectiveness of sEHIs and losartan has been compared previously in studies where both losartan and sEHIs lower BP and prevent hypertensioninduced renal damage in rodent models of hypertension. 44, 53 Although losartan acts through the RAAS system and does not affect the bioavailability of EETs, sEHIs target the ARA cascade through an increase in EETs and EDPs and influence RAAS only indirectly. In addition, EETs not only regulate BP but also display other beneficial effects, including prevention of inflammation, pain, Ang-II-induced cardiac hypertrophy, and renal injury. 39, [53] [54] [55] Losartan and related compounds as well are increasingly used to reduce renal inflammation. Of note, losartan, but not sEHI treatment, results in reduced BP in normotensive animals. 44 This finding suggests that sEHIs but not Ang-II receptor blockers provide a compensatory regulation of BP. Such feature of sEHIs has also been demonstrated in lipopolysaccharide (LPS)-induced hypotension, where sEHIs reverse BP to control levels in hypotensive animals rather than a decrease as seen in hypertensive animals. 56 Losartan has the advantage of being more effective than sEHI or diet at giving a profound reduction in BP. This of course comes with a cost of a limited therapeutic index, although, in theory, drug-induced hypotension will be hard to achieve with an omega-3 diet, sEHI, or a combination. Additionally, BP reduction with current antihypertensive drugs might require a combination of different antihypertensive drugs to lower BP back to control levels, which may not be achieved without side effects. 57 Losartan can cause hyperkalemia, whereas sEHI and EpFAs lead to natriuresis. 58 Because sEHI modulate epithelial sodium channels, this may contribute to long-term antihypertensive therapy. Thus, the drugs could be considered, in part, complementary with regard to monovalent cation balance. Increasingly, hypertension is addressed by drug combinations. It is hoped that in the future, dietary intervention, particularly dietary intervention combined with metabolomic evaluation, could be integrated with these drug combinations. Possibly, there is a future role for sEHI or mimics of EETs and EDPs in these combined therapies.
Regarding the underlying mechanisms of the antihypertensive effects of the sEHIs and DHA epoxides, downregulation of the AT1a mRNA expression correlates well with the last-day BP, suggesting that both ARA and DHA P450 metabolites directly affect the components of the RAAS. In contrast to our previous study, we did not observe an upregulation in the renal expression of the Ace-2 message by any of the treatments, possibly due to the differences in the diet, which included both EPA and DHA in our previous study. 20-EDP or with oral administration of TPPU were comparable to our previous study, where the v-3 PUFAs were administered in the diet. 28 Because we did not attempt to minimize the levels of endogenously available EpFAs, we cannot disregard the contribution of a combined effect of EpFAs to the reduction in Ang-II-induced increase in BP.
In addition to ARA and DHA epoxides, the increase in EpOMEs upon treatment with TPPU (Fig. 6, panel A) is consistent with the fact that EpOMEs are substrates of sEH. Thus, the inhibition of sEH also stabilizes EpOMEs as it does the EETs or EDPs, 22, 59 and the inhibition of sEH should lead to decreased levels of DiHOMEs. However, we observed a 2-fold increase in renal DiHOMEs in groups treated with TPPU (0.2 mg/kg) (Fig. 6, panel D) . Although we do not have a full explanation for these surprising results, this increase might be a homeostasis mechanism related to a biological activity of DiHOMEs in the kidney. Also, the total renal EpOME-toDiHOME ratio is higher with the combination treatment of 19, 20-EDP + TPPU (0.2 mg/kg) as compared with 14, 15-EET + TPPU (0.2 mg/kg), which seems to be a major difference between these 2 groups with differing SBP values. We have shown before that an increased EpOME-to-DiHOME ratio is an indication of sEH inhibition, target engagement, and moderately correlates with the antiatherosclerotic effects of sEHI. 59 Such evidence suggests a complex biological process involving both inflammation and regulation of BP with a delicate balance among the EDPs, EpOMEs, EETs, and their corresponding diols. Although the role of these diols is largely unknown in the kidney and in regulation of BP, the sEH metabolism of the EpOMEs to DiHOMEs has been suggested to be a detoxification pathway at the mitochondrial level in the kidney. 60 The oxylipin profiling of the omega-3 and omega-6 PUFAs in the ARA cascade revealed that both 19, 20-EDP and 14, 15-EET infusion results in reduced renal markers of inflammation such as decreased renal PGE 2 and PGD 2 when compared with Ang-II-infused animals. These results are consistent with our previous study where the animals were provided with dietary DHA and EPA. 28 Also, the inhibition of sEH has been shown to reduce renal cytokine levels, increase the bioavailability of EETs, which have been linked to lower BP, and reduce renal inflammation and injury in rodent models of inflammation and hypertension. 39, [61] [62] [63] Here, we did not examine the underlying mechanisms of the potential antiinflammatory properties of the 19, 20-EDP. Instead, we focused on the mechanisms of the antihypertensive effects of the 19, 20-EDP, especially the changes in the ARA cascade.
Despite the decrease in renal PGs, SBP decreased with the infusion of EpFAs in our study. This is contrary to the effects of the nonsteroidal anti-inflammatory drugs on BP, which is mildly increased with the use of nonsteroidal antiinflammatory drugs. 64 
CONCLUSIONS
Our results support the hypothesis that 19, 20-EDP is a mediator of the antihypertensive effects observed with dietary DHA in Ang-II-dependent hypertension. Also, we showed that 19, 20-EDP requires metabolic stabilization using a sEHI to be most effective in lowering BP. However, we cannot disregard endogenously available EETs or other EpFAs, which could be enhanced by sEH inhibition and therefore might have contributed to the reduction of BP in our study. We anticipate that the relative effects of sEHI on other regioisomers of EDPs will be larger than those of the 19, 20-EDP because they are better substrates of the sEH. Future studies are required to isolate the biological actions of 19, 20-EDP either with a dose adjustment of a sEHI or using EET and EDP antagonists. Furthermore, our results indicate more pronounced changes in EDPs in the kidney than in the plasma and the opposite effect with EETs, suggesting that renal versus systemic effects of these EpFAs might be different and should be tested in future studies.
